Joint morphogenesis is the process in which prenatal joints acquire their reciprocal and interlocking shapes. Despite the clinical importance of the process, it remains unclear how joints acquire their shapes. In this study, we simulate 3D mechanobiological joint morphogenesis for which the effects of a range of movements (or lack of movement) and different initial joint shapes are explored. We propose that static hydrostatic compression inhibits cartilage growth while dynamic hydrostatic compression promotes cartilage growth. Both pre-cavitational (no muscle contractions) and post-cavitational (with muscle contractions) phases of joint development were simulated. Our results showed that for hinge type motion (planar motion from 451 to 1201) the proximal joint surface developed a convex profile in the posterior region and the distal joint surface developed a slightly concave profile. When 3D movements from 401 to À 401 in two planes were applied, simulating a rotational movement, the proximal joint surface developed a concave profile whereas the distal joint surface rudiment acquire a rounded convex profile, showing an interlocking shape typical of a ball and socket joint. The significance of this research is that it provides new and important insights into normal and abnormal joint development, and contributes to our understanding of the mechanical factors driving very early joint morphogenesis. An enhanced understanding of how prenatal joints form is critical for developing strategies for early diagnosis and preventative treatments for congenital musculoskeletal abnormalities such as developmental dysplasia of the hip.
Introduction
Joint morphogenesis is the process in which a distinct and functional joint shape starts to appear during prenatal joint development. Pacifici et al. (2005) describe the process of synovial joint formation as a well-defined sequence of three events: (1) a layer of compact and closely associated mesenchymal cells form the interzone, (2) cavitation results in the physical separation of the adjacent skeletal elements within the interzone, and (3) joint shape occurs through the process of morphogenesis. Recent studies, however, have shown that joint morphogenesis starts before cavitation (Nowlan and Sharpe, advance online publication). The consequences of incomplete or abnormal morphogenesis can be debilitating, such as in the case of developmental dysplasia of the hip (DDH) which has a frequency of 5 per 1000 hips (Bialik et al., 1999) . Despite the clinical relevance of joint morphogenesis there is very little understanding about the factors that drive the process (Pacifici et al., 2005) .
A small number of studies have shown that foetal immobilisation can alter joint shape development. Studies using neuromuscular blocking agents to immobilise chicks embryos have found a reduction in width of the intercondylar fossa of the distal femur and of the proximal epiphysis of the tibiotarsus and fibula during knee joint morphogenesis (Roddy et al., 2011b) , and up to a 50% reduction in the epiphyseal width of the proximal and distal regions of the knee, tibiotarsus and metatarsus (Osborne et al., 2002) . Mikic et al. (2000) reported morphological abnormalities including joint fusion and non-interlocking joint shapes in the post-cavitational stages of joint development. Similarly, studies of genetically modified "muscleless limb" mice have revealed changes in joint morphogenesis, particularly in the elbow and shoulder (Kahn et al., 2009; Nowlan et al., 2010) . Though it is clear that lack of motion affects joint shape morphogenesis, few studies have explored the role of motion or loading on joint shape in depth.
Only one computational study has explored the role of motion on joint morphogenesis (Heegaard et al., 1999 ). An idealised planar biomechanical model of the proximal interphalangeal joint was used to simulate epiphyseal growth using a modified version of the endochondral ossification theory proposed by Carter et al. (1987) , in which growth and shape depends on the biological growth (i.e. the intrinsic growth due to hormones, genes and nutrients), and mechanical growth (i.e. region-specific growth due to muscle, ligament and joint forces). The model predicted the development of congruent surfaces within the joint region and was the first mechanobiological simulation of any aspect of prenatal joint development. While the Heegaard et al. (1999) study was undeniably ground-breaking, there are a number of ways in which it can be advanced upon. Firstly, examining precavitation time-points would show the influence of static loads before motion occurs. Morphogenesis has been shown to commence prior to cavitation (Nowlan and Sharpe, advance online publication), and therefore static loading prior to cavitation may play a role in early joint shape. Secondly, experimental studies indicate that static compressive loading inhibits cartilage growth (Burton-Wurster et al., 1993; Guilak et al., 1994) while cyclic compressive loading promotes growth (Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 1992) , and so a mechanobiological theory specific to these properties of cartilage growth would provide a significant insight. Finally, using multiple loading conditions and longer iteration times could enable a range of realistic joint shapes to be obtained.
In this study, we propose a 3D mechanobiological simulation of joint morphogenesis in which the effects of a range of movements and different initial joint shapes are explored. Following previous studies, growth and adaptation are directed by biological and mechanobiological factors. Both pre-and post-cavitational phases of joint development are simulated, representing static and dynamic loading phases respectively. Prior to the onset of spontaneous muscle contracts in the limb, we assume that precavitational joints experience static loading due to growth related strains (Henderson and Carter, 2002) . We use idealised shapes to represent a generic ball and socket joint and a generic hinge joint, and apply movement patterns typical for these joints in order to predict the effects on shape development. We also examine the effect of rigid paralysis on joint shape by growing a joint when no movement is applied.
Methods

Model geometry and material properties
Three idealised geometries of common joint configurations were created in Abaqus (Dassault Systemes, CAE module, version 6.12) , where all configurations consisted of two opposing cartilage rudiments and a synovial capsule. A hinge joint configuration was composed of two cylindrical rudiments of the same dimensions with hemispherical opposing ends, with the distal rudiment at an initial angle of 451 to the vertical proximal rudiment, as shown in Fig. 1-A. A ball-and-socket configuration was composed of a distal cylindrical rudiment opposed to a flat proximal rudiment representing a bone such as the pelvis or shoulder, as shown in Fig. 1-B . A similar configuration to the hinge was used for the rigid paralysis configuration, except that the two rudiments were aligned, as shown in Fig. 1 -C. As these configurations are intended to be generic and not to be representative of any particular species or animal, the initial dimensions (as shown in Fig. 1) were arbitrary, and size changes due to growth or adaptation were analysed as relative to the initial size. For the purposes of performing sensitivity analyses, 2D versions of the 3D models were used. The 2D models predicted the same geometrical changes as a midline longitudinal section of the 3D versions for the range of loading regimes.
The synovial capsule was modelled as a sphere surrounding the joint, (truncated at its extremes in order to decrease the number of elements) with a maximal diameter of 10 mm and large enough to contain the joint throughout movement sequences ( Fig. 1-D) . In order to quantify the effects of inclusion of the synovial capsule, 2D hinge simulations were run both with and without the capsule. Based on the stage of joint development being modelled, the rudiments were assumed to be fully cartilaginous (Gardner and O'Rahilly, 1968) . All cartilage material properties were assumed to be linear elastic, isotropic and homogeneous. The Young 0 s modulus for cartilage (E ¼1.1 MPa) was taken from four-point bending tests on un-mineralised embryonic mouse ribs (Tanck et al., 2004) and the cartilage Poisson 0 s ratio taken as v¼ 0.49 to reflect the incompressibility of the fluid in the cartilage at short time scales (Armstrong et al., 1984; Carter and Beaupré, 1999; Wong et al., 2000) . The Young 0 s modulus of the synovial capsule was E¼ 0.287 kPa (Roddy et al., 2011a) , and its Poisson 0 s ratio was v¼ 0.4 (McCarty et al., 2011).
Loading conditions
In all models, the proximal rudiment was fixed at its proximal end. At rest, the bottom rudiment was located 0.2 mm from the top rudiment 0 s lower surface ( Fig. 1 ). Static and dynamic loading were represented by an applied displacement of the distal rudiment towards the proximal (upper fixed) rudiment. In the precavitational phase, prior to the onset of muscle contractions, static loading due to growth-related strains (Henderson and Carter, 2002) was represented by the constant application of an axial displacement on the distal rudiment towards the proximal rudiment in the starting configuration. In the post-cavitational phase, after the onset of muscle contractions, joint loads were represented by a number of steps during which a displacement was applied to the lower surface of the distal rudiment towards the proximal element, with the angle and position of the displacement determined by the type of movement being applied. The magnitude of the displacement applied, 10 μm, remained constant throughout all simulations.
Based on approximations of muscle cross sectional area (as a percentage of rudiment width) and allowable maximum embryonic muscle stress of S¼ 1.11 mN/mm 2 (Nowlan et al., 2008) , we estimated the likely muscle force to be on the order of 0.1 mN. An applied displacement of 10 mm resulted in a force of approximately this magnitude. In the absence of data on the magnitude of growth related strains in the developing joint, the same displacement was used for the static phase. Two static iterations (pre-cavitation with no motion) and eight dynamic iterations (post-cavitation with motion) were included in the hinge and ball-and-socket simulations. In the hinge model, a single plane motion was applied from 451 to 1201 in each iteration, as shown in Fig. 1 -A, at angles of 451, 901 and 1201, while the ball-and-socket model was loaded under a multi-plane motion from 401 to 01 to À 401 in two planes perpendicular to each other as shown in Fig. 1-B . Rigid paralysis, where the muscles are in continuous tetanus (Roddy et al., 2011b) was represented by the constant application of an axial displacement, as shown in Fig. 1 -C, assumed to be static loading due to the lack of dynamic muscle contractions. The paralysis model was also run in 2D with the distal rudiment at À 601 to the proximal rudiment. Frictionless impenetrable contact was modelled between all the components of the models.
Growth rate
Growth and morphogenesis of the rudiments were controlled by biological and mechanical growth rates so that the growth rate dε=dt was as follows:
with _ ε b the biological contribution to growth and _ εm the mechanical contribution to growth (Shefelbine and Carter, 2004) . Following Heegaard et al. (1999) , _ ε b was considered to be proportional to the chondrocyte density. The equation for local chondrocyte density along the long axis of a rudiment was calculated by Heegaard et al. (1999) by fitting a polynomial curve to the grey level distribution on a sagittal micrograph of a joint, where darker areas indicated higher chondrocyte density.
The chondrocyte density C d is greater towards the ends of the rudiments and lower towards the diaphysis, and therefore expressed by the formula
with C d being the chondrocyte density, k ¼ 11 Â 10 3 being a constant determining the amount of biological growth, which is maintained in the range of 75-85% of the total growth (Germiller and Goldstein, 1997) , and ξ the distance along the proximal-distal axis of the rudiment starting from the distal end (Heegaard et al., 1999) . The biological contribution to growth was assumed to be constant during static and dynamic loading phases. The effects of alternative equations for the chondrocyte density were also analysed in 2D versions of the hinge simulation. The mechanical growth rate, _ εm, was proportional to the compressive hydrostatic stress, s h . Previous experimental studies have found that static compression significantly inhibits the synthesis of cartilage matrix proteins (Burton-Wurster et al., 1993; Guilak et al., 1994) while dynamic compression stimulates matrix production (Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 1992) . Accordingly, we implemented a mechanobiological theory in which static hydrostatic compression inhibits cartilage growth while dynamic hydrostatic compression promotes cartilage growth. The mechanobiological growth rate was also considered to be proportional to the chondrocyte density, based on the assumption that the greater the number of cells, the greater the adaptation to mechanical loading. The overall mechanobiological contribution to growth was therefore calculated at each node of the model as the average stresses throughout a full joint motion using the formulae
for dynamic loads where s h is the compressive hydrostatic stress, N the number of movement per step and C d the chondrocyte density.
Model implementation
During each iteration, the orthonormal thermal expansion capabilities of the FE solver were utilised to allow isotropic expansion of the proximal and distal rudiments with the sum of the biological and mechanobiological growth rates used as the 'temperature' for expansion. This expansion occurred within an unconstrained volume, representing the growth of the entire limb, which ensured that the mechanical stresses due to motion were the dominant stimulus for shape change rather than stresses due to contact of the two rudiments during growth. The new geometry was then re-meshed and the two rudiments were automatically realigned, so that the loading conditions could be applied again for another step of growth. The size and shape of the synovial capsule remained the same for the entire simulation. A simulation using biological growth rates only was also performed for comparative purposes.
Results
Hydrostatic stress distribution
In all the models, the hydrostatic stresses close to the contact regions were always compressive, as shown in Fig. 2 . High compressive hydrostatic stresses were also seen at the anterior corner of the proximal rudiment of the hinge model due to the fixed boundary condition (Fig. 2, arrows) . The simulation in which rigid paralysis was modelled induced a symmetric stress pattern on the rudiments, as shown in the first (static) phase of the hinge simulation (Fig. 2, left) . Fig. 2 . Hydrostatic stress distribution during the first step of static and dynamic loading for the (A) hinge and the (B) ball-and-socket joint, respectively. In both joint models, the highest hydrostatic compression stresses are seen within the region of contact between the two rudiments.
Morphogenesis
When biological growth alone was applied, the rudiments preserved their initial opposing convex surfaces as shown in Fig. 3 . In contrast, when the mechanical stimulus was included in the simulation, the shape of the predicted growing joints changed according to the movement pattern applied. When a single plane motion from 451 to 1201 was applied, the proximal rudiment showed a rounded convex profile in both posterior and anterior regions, with more pronounced growth posteriorly (Fig. 4,  arrowhead) . The distal rudiment showed similar features with a less pronounced rounded convex profile in its posterior region and the acquisition of a slight concave profile in the mid-line section (Fig. 4, arrow) . When a multi-plane motion from 401 to À401 degrees was applied between a flat and a cylindrical rudiment, the flat rudiment showed a concave profile which partially enclosed the rounded convex profile of the cylindrical rudiment (Fig. 5) . When only axial forces were applied under static loading conditions, reproducing rigid paralysis, both the rudiments acquired a flat shape within the joint region as shown in Fig. 6 , similar to the experimental results of Mikic et al. (2000) . Flat opposing surfaces were also predicted when the same simulation was run in 2D with the distal rudiment at À 601 to the proximal rudiment (data not shown).
Sensitivity analyses
When simulations were run without a synovial capsule, small differences in shape were found due to stress concentrations at the contact regions, but similar patterns of growth for the models with and without synovial capsule were predicted. Similarly, when a linear approximation of the polynomial equation for chondrocyte density was used there was no major effect on joint shape or growth. Analysis of the effects of varying the relative influence of the biological and mechanobiological contributions demonstrated that with a higher biological contribution, the mechanobiological contribution was too low to have an influence on the total growth and joint morphology. With a lower weighting for the biological contribution, the effects of the mechanobiological stimulus were more evident with more extreme changes at the epiphyses and decreased growth overall (data not shown for sensitivity analyses).
Discussion
We have developed the first 3D mechanobiological models of prenatal joint shape development, which are capable of predicting a range of joint shapes based on the starting joint configuration and applied movements.
When a hinge movement from 451 to 1201 was applied, the proximal rudiment acquired a rounded convex profile in its posterior and anterior regions with a more pronounced growth posteriorly, and the distal rudiment acquired a slight concave profile in the middle, as shown in Fig. 4 , suggesting the generation of an interlocking joint shape such as the knee. When a rotational movement from 401 to À 401 was applied, the proximal rudiment developed a clear concave profile in which the rounded convex profile of the distal rudiment was contained at its proximal end, as shown in Fig. 5 , suggesting the generation of an interlocking joint shape such as the hip or shoulder joint. When only axial forces were applied under static loading conditions, reproducing rigid paralysis, both the rudiments acquired a flat shape within the joint region (Fig. 6 ) similar to the experimental results of Mikic et al. (2000) for the immobilised interphalangeal joint.
Based on recent evidence that joint shape initiates prior to cavitation (Nowlan and Sharpe, advance online publication), we have modelled the development of the joint under both static and dynamic loads, characteristic of pre-and post-cavitation, respectively. We have developed a novel mechanobiology theory of cartilage growth, based on experimental evidence from in vitro stimulation of chondrocytes (Burton-Wurster et al., 1993; Guilak et al., 1994; Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 1992) . Despite the abundance of mechanobiological theories and mechanobiological simulations relating to endochondral ossification (Carter et al., 1998; Claes and Heigele, 1999; Huiskes et al., 1997; Prendergast et al., 1997; Sarin and Carter, 2000; Stevens et al., 1999) , we are unaware of any mechanoregulation algorithm specific to cartilage growth in a non-endochondral ossification context. The growth law proposed by Heegaard et al. (1999) was based upon a theory developed for endochondral ossification (Carter et al., 1987) , where hydrostatic compressive stress inhibits and tensile stress promotes cartilage growth and ossification. In contrast, our simulations focus specifically on joint epiphyses which are entirely cartilaginous at the stages modelled (Gardner and O'Rahilly, 1968) , and it is likely that the mechanical stimuli for growth and adaptation of epiphyseal cartilage are different than those which influence endochondral growth and ossification. These two processes are biologically distinct, as growth at the growth plate is primarily due to chondrocyte hypertrophy (Kronenberg, 2003) , while cartilage growth at the epiphysis is likely due to cell proliferation (Pacifici et al., 2005) . Therefore, the mechanobiological growth law proposed here is specific to epiphyseal cartilage and is based upon experimental data showing that cyclic hydrostatic compression stimulates matrix production (Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 1992) and static compression inhibits the synthesis of cartilage matrix proteins (Burton-Wurster et al., 1993; Guilak et al., 1994) . However, the new theory which we propose in not in conflict with the theories previously proposed for growth plate cartilage, as in both cases, compression provides a favourable environment for cartilage. In endochondral ossification, hydrostatic compression maintains the cartilage at the growth plate, while during epiphyseal cartilage growth, hydrostatic compression promotes the formation of more cartilage. This new theory for cartilaginous joint morphogenesis differentiates between static and dynamic loading conditions, where static compressive loading inhibits cartilage growth while dynamic compressive loading promotes it. In proposing a mechanobiological theory for epiphyseal cartilage growth and adaptation, we offer a biomechanical understanding of the influence of mechanical loading on joint morphogenesis.
Material properties of synovial capsule and cartilage were assumed to be linear elastic, isotropic and homogeneous. Although cartilage is a biphasic material (Roddy et al., 2011a) , and the synovial capsule is also likely to be the same (Roddy et al., 2011a) , we modelled our cartilage as single phase and near incompressible (Poisson 0 s ratio of 0.49), based on previous studies which showed that the fluid pressure in biphasic models is comparable to the hydrostatic stress in the single phase models when loaded at frequencies of 1 Hz (Carter and Wong, 2003; Shefelbine and Carter, 2004) , which is close to the frequency of muscle contraction in utero (Vaal et al., 2000) Muscles and ligaments were not explicitly modelled as acting at specific location of the rudiment. However, since our models are of generic joint shapes and configurations, and do not apply to one specific species (or even limb) we focussed on the joint motion likely to result from approximations of common movement sequences.
In conclusion, this study presents how stresses generated during static growth-related loading and dynamic postcavitational movements can influence prenatal joint morphogenesis. This study predicts joint shape morphogenesis in 3D using a novel mechanobiology theory for cartilage growth. Our simulations predict a range of anatomically recognisable joint shapes based on the starting joint configuration and applied movement. The significance of this research is that it provides new and important insights into normal and abnormal joint development. Understanding the factors driving joint morphogenesis at a very early stage is critical for developing strategies for early diagnosis and preventative treatments for congenital musculoskeletal abnormalities, such as developmental dysplasia of the hip.
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